116 km s j1 (301 km s j1 systemic velocity minus 185 km s j1 contribution from solar motion) toward the Milky Way. However, the Milky Way is possibly falling toward M31, because there are no other large galaxies in the Local Group to generate angular momentum through tidal torques (21). Following this argument, we assume a proper motion of 0 for M31. The geometry of the Andromeda subgroup depends on the relative distance between M31 and M33. Thus, it is crucial to use distances for the two galaxies that have similar systematic errors, and we used the TRGB distances to M33 and M31 (18, 22). The angle between the velocity vector of M33 relative to M31 and the vector pointing from M33 toward M31 was 30-T 15-. For an angle of 30-, only elliptical orbits with eccentricities of e 9 0.88 are possible. For the largest allowed angle of 45-, the eccentricities are restricted to e 9 0.7. This eccentricity limit weakens if the proper motion of M31 is non-negligible, and for a motion of 9150 km s j1 , any eccentricity is possible.
minus 185 km s j1 contribution from solar motion) toward the Milky Way. However, the Milky Way is possibly falling toward M31, because there are no other large galaxies in the Local Group to generate angular momentum through tidal torques (21) . Following this argument, we assume a proper motion of 0 for M31. The geometry of the Andromeda subgroup depends on the relative distance between M31 and M33. Thus, it is crucial to use distances for the two galaxies that have similar systematic errors, and we used the TRGB distances to M33 and M31 (18, 22) . The angle between the velocity vector of M33 relative to M31 and the vector pointing from M33 toward M31 was 30-T 15-. For an angle of 30-, only elliptical orbits with eccentricities of e 9 0.88 are possible. For the largest allowed angle of 45-, the eccentricities are restricted to e 9 0.7. This eccentricity limit weakens if the proper motion of M31 is non-negligible, and for a motion of 9150 km s j1 , any eccentricity is possible.
If M33 is bound to M31, then the relative velocity of the two galaxies must be smaller than the escape velocity. This gives-for a zero proper motion of M31-a lower limit for the mass of M31 of 1.2 Â 10 12 solar mass (M R ). A substantial proper motion of M31 could reduce or increase the relative velocity and the lower mass limit of M31. On the other hand, the dynamical friction of M31 on M33 indicates that M31 cannot have a very massive halo of more than È 10 12 M R unless the orbit of M33 has a low eccentricity. Otherwise, the dynamical friction would have led to a decay of the orbit of M33 (23) . This agrees with a recent estimate of 12.3 þ18 j6 Â 10 11 M R derived from the three-dimensional positions and radial velocities of its satellite galaxies (24) .
More than 80 years after van Maanen_s observation, we have measured the rotation and proper motion of M33. These measurements provide a method to determine dynamical models for the Local Group and the mass and dark matter halo of Andromeda and the Milky Way. 
*
The two-step laser excitation scheme of stimulated emission pumping (SEP) induces shifts of a single water molecule between two remote hydrogen bonding sites on trans-formanilide. This reaction can be initiated by selective excitation of either isomer (C0O-bound or NH-bound) with different SEP excitation wavelengths. Energy (E) thresholds for isomerization in both directions have been measured [796 wave numbers e E(C0OYNH) e 988 wave numbers and 750 wave numbers e E(NHYC0O) e 988 wave numbers], and the energy difference DE between the C0O-bound and NH-bound isomers was extracted (-238 wave numbers e DE e þ192 wave numbers).
The strong solvating capacity of water is due in large part to formation of hydrogen bonds with solutes. If a solute has both donor (XH-OH 2 ) and acceptor (X ¶-HOH) H-bonding sites, an individual water molecule can bind to either one. The full solvation shell is a complex network of many H-bonded water molecules, and the interplay between solvent and solute that affects the physical and reactive properties of the embedded solute is difficult to sort out (1) (2) (3) (4) (5) (6) . In a gas-phase supersonic expansion, it is possible to form isolated, specific solute-(H 2 O) n clusters and to probe them spectroscopically (7) (8) (9) (10) (11) . During the cooling that accompanies the expansion, the water molecules preferentially bind to the solute at one of the H-bonding sites on the molecule. Spectroscopic studies of these complexes have determined structures and measured binding energies of the water molecule to the solute (7, 8, (11) (12) (13) (14) . Such data can be used to refine the semi-empirical potentials (15) (16) (17) (18) (19) that are widely used in molecular dynamics and Monte Carlo simulations of chemical and biological processes in aqueous solution. However, studies of solute-(H 2 O) n clusters typically probe the region of the intermolecular potential energy surface only near the most stable minima. As a result, semiempirical and ab initio-based intermolecular potentials often lack molecular-scale checks on their accuracy far away from the potential minima, particularly regarding the energy barriers that separate the minima.
We recently introduced an experimental method that can directly measure the energetic barriers to conformational isomerization in flexible molecules (20) . Here, we apply this method to the isomerization of a 1:1 watersolute complex, in which the water molecule moves between H-bonding sites on the same solute. This isomerization reaction requires the water molecule to break one H bond with the solute and then, after translation, to form a second H bond. The barrier probed is caused by a transition state configuration in which the water molecule lies between the two sites, still interacting with the solute in a configuration far from either minimum.
The solute chosen for these studies, transformanilide (TFA), has a trans-amide group attached to an aromatic ring, with its N-H donor and C0O acceptor sites pointing in opposite directions (Fig. 1A) . The TFA-H 2 O complex is among the most thoroughly studied water-containing complexes, partly because it is prototypical of water_s interactions with the biologically important amide group and partly because it is formed in a supersonic expansion with roughly equal populations in the NH-bound and C0O-bound isomeric forms (21) (22) (23) (24) (25) .
These two isomers are readily distinguished from one another spectroscopically. A laserinduced fluorescence spectrum (Fig. 1B) identifies the S 1 @ S 0 origin transitions of the two isomeric complexes, which connect the zeropoint vibrational level (ZPL) of the ground electronic state to the zero-point level of the first singlet excited electronic state (21, 22) . Fluorescence-dip infrared spectroscopy has been used to record infrared spectra of each complex in the OH and NH stretch region (2800 to 3800 cm j1 ) ( fig. S1 ) (26) , confirming the assignments of earlier work. (23) On this basis, the labeled transitions (Fig. 1B) could be assigned unambiguously to the NH-bound and C0O-bound TFA-H 2 O complexes, respectively ( Fig. 1A ) (23) .
To determine the energy needed to isomerize between these two structures, we used a cool-excite-recool-probe temporal protocol ( Fig. 1C) introduced recently (20, (27) (28) (29) . In the first step, the NH-bound and carbonylbound TFA-water complexes are formed and cooled to their ZPLs early in the supersonic expansion. The complexes are then vibrationally excited via a two-laser pump-dump sequence called stimulated emission pumping (SEP) (20) .
The SEP pump laser (0.1 mJ per pulse) is fixed to the S 1 @ S 0 origin transition of one of the TFA-H 2 O isomers (36,118 cm j1 for the C0O-bound isomer and 35,787 cm j1 for the NH-bound isomer). A second ultraviolet (UV) laser beam (the dump laser, 1mJ per pulse), spatially overlapped with the first and delayed by 2 ns, was tuned through the transitions from the S 1 ZPL to specific vibrational levels in the ground electronic state ES 1 (ZPL) Y S 0 (v)^. This time delay is short compared with the S 1 excited state lifetime of the complex (È10 ns). Stimulated emission from S 1 (ZPL) to S 0 (v) was possible because of the population inversion between the S 1 0 0 level (populated by the pump pulse) and the S 0 (v) lower level, which has all of its population removed by the cooling in the expansion.
The wavelength l 2 is tuned to different S 1 (0 0 ) Y S 0 (v) transitions to place a welldefined amount of internal energy into one isomer of the complex. A second stage of collisional cooling dissipates the excess vibrational energy, and then in the collision-free region of the expansion a UV probe pulse (of fixed wavelength l 3 ) interrogates the resulting population of reactant or product by using laser-induced fluorescence (LIF).
If the dump laser populates a vibrational level below the lowest barrier to isomerization, no reaction can occur in the absence of tunneling. However, when the vibrational energy E vib exceeds the barrier to isomerization, some of the molecules isomerize and can be cooled subsequently to the zero-point level of the product. The population transfer (PT) spectrum therefore highlights the population changes induced by the dump laser as it is tuned (20) . Alternatively, the reactant channel can be monitored to observe the population not transferred but recooled to its original form. To highlight the population changes induced by the dump laser, we operated the pump and probe lasers at twice the repetition rate (20 Hz) of the dump laser (10 Hz) while recording the difference in probe LIF signal between successive pulses with use of active baseline subtraction in a gated integrator.
To observe the population changes induced by the SEP process, the majority of the TFA-H 2 O complexes must be formed before SEP excitation. A series of LIF scans taken as a function of distance from the 1.2-mmdiameter expansion orifice ( fig. S2) 
For comparison with the population transfer spectra, the SEP spectra of both isomers were also recorded. Instead of LIF, we used two-color, resonant two-photon ionization (2C-R2PI) detection in a molecular beam time-offlight mass spectrometer (7) . This technique avoids the interference from scattered laser light in LIF. When the SEP dump pulse is nonresonant with a transition to the ground state, it can ionize the complex from the S 1 (0 0 ) level. Thus, when a dump transition to a vibrational level in the ground state occurs, the decrease in S 1 (0 0 ) population creates a dip in the (TFA-H 2 O) þ ion current otherwise produced. The abscissa on these traces ( Figs. 2A  and 3A ) is the energy (in wave numbers) above the reactant ZPL, that is, the amount of internal energy placed in the complex by the SEP process.
The PT spectrum ( must be less than 988 cm j1 . All transitions above this threshold are observed with relative intensities consistent with the SEP spectrum above it (Fig. 2A) . This threshold represents a firm upper bound to the energy barrier to the TFA-H 2 O(C0O) Y TFA-H 2 O(N-H) isomerization. In the same way, the lack of a transition in the population transfer spectrum at 796 cm j1 , a resonance clearly observed in the SEP spectrum, places a lower bound on the isomerization barrier if the isomerization rate at threshold is fast compared to the collisional cooling rate. The magnitude of this kinetic shift is estimated to be small (G50 cm j1 ) (30). Thus, E barrier (C0O Y NH) is bounded by È796 cm j1 and 988 cm j1 .
The analogous SEP and PT spectra (Fig. 3,  A and B) for the reverse process, namely TFA-
give bounds on the energy barrier for this process of È750 cm j1 e E barrier (NHYC0O) e 988 cm j1 . Therefore, within the bounds of the measurement, the barrier is the same in both directions. Because these experiments probe the same barrier from different starting points, the combined NH Y C0O and C0O Y NH measurements can be used to determine the relative energies of the TFA-H 2 O(NH) and TFA-H 2 O(C0O) minima. The bounds so determined E-238 cm j1 e E min (C0O) -E min (NH) e þ192 cm j1^p lace the minima close to one another in energy, as anticipated on the basis of the similar relative intensities of the S 1 @ S 0 origin transitions of the two isomers (Fig. 1B) .
Probing the unreactive TFA-H 2 O(NH) population after excitation of this isomer (Fig. 3C ) offers a complementary threshold measurement. Below the threshold for isomerization, the SEP process drives the TFA-H 2 O(NH) population back down into the TFA-H 2 O(NH) reactive well, increasing the ground state population and therefore the LIF signal, when the dump laser is resonant with a transition. However, the LIF intensities in this spectrum decrease substantially for all transitions at or above 988 cm j1 . This result is consistent with isomerization siphoning off a fraction of the population to TFA-H 2 O(C0O) product. Above the 988 cm j1 threshold, the relative transition intensities in the NH Y C0O and NH Y NH PT spectra (Fig. 3, B and C) match those in the SEP spectrum (Fig. 3A) , indicating that the isomerization quantum yield stays roughly constant with increasing energy. This lack of energy dependence on the quantum yield is consistent with fast isomerization that equilibrates the populations of the two isomers before the reaction is quenched by collisional cooling.
Lastly, the same methods can be used to determine the binding energy of the complex. When the SEP excitation energy exceeds the binding energy, water dissociation occurs to produce TFA monomers, which are cooled to their zero-point level before detection downstream with the probe laser. When the TFA monomer S 1 @ S 0 origin is monitored after SEP excitation of the TFA-H 2 O(C0O) complex, the first monomer product signal is observed at an internal energy of 1990 cm j1 , equivalent to a binding energy of 23.8 kJ mol -1 ( fig.  S3 ). This value is consistent with the binding energy determined by other means for the C0O-bound water molecule (22.6 T 1.2 kJ mol -1 ) (24).
The experimental results for the barrier heights and relative energy minima were compared with density functional theory calculations (31) with use of the Becke3LYP functional (32, 33) and the 6-31þG* basis set (34) (Fig. 4) . The lowest calculated transition state energy (1110 cm j1 ) is somewhat above the experimental bounds (799 to 988 cm j1 ). A second calculated transition state that places the water molecule above the TFA ring is about 200 cm j1 higher in energy (1330 cm j1 ). The close correspondence of the experimentally determined barrier height with that calculated for the first transition state supports the assignment of this transition state to that probed experimentally. In the lowest energy transition state, the water molecule stays in the plane of the TFA molecule and acts as an acceptor to a weak C-HIOH 2 hydrogen bond with the aldehyde C-H group.
The minimum-energy pathway associated with the lowest-energy transition state involves in-plane motion of the water molecule as it moves around the amide group from reactant to product well (Fig. 4A ). This pathway, computed with the nudged elastic band algorithm (35, 36) , can be broken up into three sections: (i) an initial steep ascent out of the H-bonded reactant well as the H bond breaks, (ii) a broad, flat section, covering much of the pathway, in which water skirts around the amide group in an acceptor orientation, and (iii) a steep descent and fast reorientation of water as it slides into the H-bonding well on the other side.
With increasing energy, more pathways are available, such as that which passes through an out-of-plane transition state over the phenyl ring with an energy of 1330 cm j1 (Fig. 4B) . A second out-of-plane pathway (not shown) with a very similar energy traverses over the top of the amide group. Thus, as the energy available to the complex is increased from the isomerization threshold (988 cm j1 ) to the dissociation threshold (1990 cm j1 ), the water molecule can move over larger and larger regions of the surface of TFA while it passes from one well to the other, reducing the (Fig. 1C) . The isomerization to TFA-H 2 O(NH) is probed via LIF. The sharp onset for the population gain signal due to the TFA-H 2 O(NH) product at 988 cm j1 constitutes an upper bound on the energy barrier for TFA- importance of any particular transition state (37) . As a result, it seems likely that modifications to transition state theory (38) will be needed in order to describe the rate of this reaction and its dependence on internal energy (39) .
Because the isomerization process is initiated by SEP, the vibrational modes carrying the oscillator strength in the S 1 (0 0 ) Y S 0 (v) dump transition are largely localized on the TFA molecule (40) . In order for isomerization to occur, the laser-excited intramolecular vibrations of TFA must couple to the intermolecular vibrations of the complex. Collisions can contribute to this energy scrambling, but they also could selectively remove energy from the low-frequency intermolecular modes, thereby inhibiting isomerization. For these reasons, it seemed possible that near threshold the isomerization efficiency would show modespecific dependence on the vibrational level excited by the SEP process. The matched intensities in the SEP and PT spectra (Figs. 2  and 3 ) argue against the importance of such mode-specific effects in TFA-H 2 O. However, in a different system, excitation of localized solute vibrations near the water-binding site might selectively enhance the solvent rearrangement, motivating further work on these solvent-switching reactions. Fig. 4 . Nudged elastic band (NEB) calculations of two minimum-energy pathways for the isomerization of water between the C0O-bound and NH-bound sites on TFA. The calculations were carried out by using density functional theory (31) with the Becke3LYP functional (32, 33) and a 6-31þG* basis set (34) . The NEB method uses a discrete representation of the reaction path (41) , with the points (images) along the path being relaxed by using first derivatives only. The initial geometries for the images were constructed by linear interpolation between the C0O-and N-H-bound minima. The images were relaxed by using a modified Broyden optimization scheme (42) until the root mean square was below 0.5 kJImol j1 nm j1 . The highest energy images for each pathway were taken as guessed transition state geometries in a transition state search by the QST3 method used in Gaussian 03. (A) In-plane pathway with the lowest energy barrier to isomerization. The fully optimized energy of the transition state for this pathway is 1320 cm j1 (15.8 kJ mol -1 ) without correction for zero-point energy effects. The barrier drops to 1110 cm j1 (13.3 kJ mol -1 ) when zeropoint energy corrections are included (marked by a triangle). (B) The analogous over-the-ring pathway for the water molecule. The fully optimized energy of the transition state for this pathway is 1610 cm j1 (19.4 kJ mol -1 ) without correction for zero-point energy effects. The zero-point energycorrected transition state for this pathway is 220 cm j1 higher than the inplane transition state (1330 cm j1 0 15.9 kJ mol -1 , also marked with a triangle). The fact that some of the points along the NEB pathway are slightly higher in energy than the transition state (which is optimized with use of Hessian-based methods) arises because of the tighter convergence criterion used in the transition state optimization (10 j5 kJ mol -1 ).
